Previous mutational analyses of naturally occurring West Nile virus (WNV) strains and engineered mutant WNV strains have identified locations in the viral genome that can have profound phenotypic effect on viral infectivity, temperature sensitivity and neuroinvasiveness. We chose six mutant WNV strains to evaluate for vector competence in the natural WNV vector Culex tarsalis, two of which contain multiple ablations of glycosylation sites in the envelope and NS1 proteins; three of which contain mutations in the NS4B protein and an attenuated natural bird isolate (Bird 1153) harbouring an NS4B mutation. Despite vertebrate attenuation, all NS4B mutant viruses displayed enhanced vector competence by Cx. tarsalis. Non-glycosylated mutant viruses displayed decreased vector competence in Cx. tarsalis mosquitoes, particularly when all three NS1 glycosylation sites were abolished. These results indicate the importance of both the NS4B protein and NS1 glycosylation in the transmission of WNV by a significant mosquito vector.
West Nile virus (WNV; family Flaviviridae, genus Flavivirus) was first isolated in North America in 1999 and due to its ability to rapidly adapt to local transmission cycles has spread throughout the USA into Mexico, Canada and the Caribbean and is currently expanding across South America (Davis et al., 2005; Dupuis et al., 2003; Lanciotti et al., 1999) . WNV exists in an enzootic transmission cycle between ornithophilic mosquitoes and birds; however, due to the catholic feeding behaviour of some mosquito vectors and an expansive vector and host range, epizootic and epidemic outbreaks regularly occur in all areas where WNV has become established. Humans and other higher vertebrates are considered 'dead-end' hosts, as viraemia levels are typically not high enough to perpetuate the transmission cycle. However, WNV continues to be a major public health concern in the USA, where human WNV cases reported to the Centers for Disease Control in 2012 totalled nearly 4000 with over 50 % of reported cases considered severe (http://www.cdc.gov/ncidod/dvbid/westnile/Mapsactivity/ surv&control12MapsAnybyState.htm).
The primary vectors of WNV in the USA are Culex spp. mosquitoes (Diptera: Culicidae), in particular Culex tarsalis are an important WNV enzootic and bridge vector in the western and south western USA, as they are known to feed primarily on birds in the spring and early summer and then are found to switch between avian and mammalian hosts in late summer and fall (Molaei et al., 2006; Thiemann et al., 2011; Turell et al., 2005) . Since 2002, WNV has been detected in Texas and throughout the south western USA, and several naturally occurring attenuated WNV strains have been isolated and characterized. In particular a virus strain isolated from a Mourning Dove (Zenaida macroura) in Harris county TX in 2003 (Bird 1153) was found to possess a small plaque, temperature sensitive (ts) phenotype and was non-neuroinvasive in adult mice; this virus possesses 3 aa substitutions prM V56I , NS4B E249G , NS5 A804V and one substitution in the 39 UTR A10799G (Davis et al., 2004; May et al., 2010) . Attenuation of virulence has also been achieved by directly engineering mutations targeting critical residues in the NS4B protein (Wicker et al., 2006) and ablation of envelope (E) and NS1 glycosylation sites (Beasley et al., 2005; Whiteman et al., 2010 Whiteman et al., , 2011 . We therefore sought to determine the effects of such WNV mutations in an important vector, Cx. tarsalis.
We have evaluated six mutant WNV strains for vector competence by in vitro transmission assays in Cx. tarsalis mosquitoes; three with mutations in the NS4B protein, one natural bird isolate (Bird 1153) with mutation in prM, NS4B, NS5 and the 39 UTR and two strains with varying degrees of glycosylation ablation in the E and NS1 proteins (Tables 1 and 2 ). Adult female Cx. tarsalis mosquitoes were given infectious bloodmeals containing mutant strains of WNV, and mosquitoes that were fully engorged were analysed by standard in vitro transmission assay at 7, 14, 21 and 28 days post-feeding (p.f.) . Infection rates were calculated using the total number of fully engorged mosquitoes at time of feeding as the denominator. Mutants were compared to the NY99 wild-type derived infectious clone control virus (WNV-IC) for statistical comparisons of infection, dissemination and transmission; infectious bloodmeal titres ranged from 8 to 8.4 log 10 p.f.u. ml 21 . Data are presented in Tables 1 and 2,  Table 2 represents a summary of two separate experiments.
The WNV NS4B protein is known to aid viral evasion of the host innate immune response in vertebrates (Puig-Basagoiti et al., 2007) and recent studies with WNV have shown that the mutations NS4B P38G and NS4B C102S in the WNV-IC have a significant attenuating effect on mouse neuroinvasive and neurovirulent (C102S only) phenotypes, temperature sensitivity and in the case of P38G, plaque morphology compared with WNV-IC (Welte et al., 2011; Wicker et al., 2006) . In contrast to results in mammalian systems, we found that mutant strains NS4B P38G and NS4B C102S had equivalent infection and dissemination rates to WNV-IC; however, these viruses were transmitted better than the WNV-IC parental control strain (Table 1) . This was surprising since the cysteine to serine substitution in this mutant resulted in a highly attenuated, ts phenotype in mice (Wicker et al., 2006) . Cysteine residues are usually critical for protein function as they enable proper protein structure through the formation of disulfide bonds. NS4B C102S mutant possesses an amino acid substitution in the central hydrophobic region of the NS4B protein and the NS4B P38G is mutated in the N-terminal domain and possesses a spontaneous compensatory mutation in the central hydrophobic region (T116I). This mutant virus also contained a mutation in the NS3 protein (N480H), however, this mutation alone (NS3 H480 ) showed no differences in vitro or in vivo compared to WNV-IC (Welte et al., 2011) . The infection and dissemination rates for NS4B P38A , however, possessing a different amino acid substitution at position 38 of the NS4B protein, was only slightly different than the WNV-IC virus, and transmission was only statistically greater at 28 days p.f. The natural bird isolate Bird 1153, which possesses a mutation in the NS4B C-terminal domain (E249G) as well as mutations in the prM, NS5 and 39 UTR, displayed enhanced infection efficiency, but was similar in dissemination and transmission to WNV-IC. These results suggest that certain mutations to the NS4B, particularly the central hydrophobic region of the NS4B protein, may play a role in vector competence in Cx. tarsalis mosquitoes at some, but not all time points. Furthermore, they highlight the phenotypic disparities that can result when such diverse vector/host systems are required to perpetuate a virus.
WNV possesses four total N-linked glycosylation sites: E N154 and three in the NS1 N130/N175/N207 . Total ablation of NS1 glycosylation sites through mutagenesis of the WNV-IC resulted in complete attenuation of mouse neuroinvasiveness (Whiteman et al., 2010) and E glycosylation has been found to enhance infection in birds, mice and Culex spp. mosquitoes (Beasley et al., 2005; Brault et al., 2011; Langevin et al., 2011; Moudy et al., 2009; Murata et al., 2010; Totani et al., 2011) . Both glycosylation mutants E 154S / NS1 130A/175A/207A and NS1 130-132QQA/175A/207A examined here were significantly attenuated for overall vector competence in Cx. tarsalis. Mutant E 154S /NS1 130A/175A/207A , with all glycosylation sites ablated, had significantly lower dissemination and transmission rates than WNV-IC; however, mutant NS1 130-132QQA/175A/207A with ablation of NS1 glycosylation sites only, was most severely affected, having significantly lower infection, dissemination and transmission rates when compared with the WNV-IC. Mosquito and vertebrate results for these mutants demonstrate NS1 glycosylation seems to be important for both vertebrate pathogenesis and mosquito infection and transmission. Previous studies have described the effect of glycosylation on mosquito infection in Culex sp. mosquitoes and found the outcomes to be species dependent (Moudy et al., 2007 (Moudy et al., , 2009 , suggesting once more that viral attenuation is influenced not only by the amino acid and nucleotide genomic changes but also the host/vector system to the species level in which it is being evaluated.
Origin of the West Nile virus responsible for an outbreak of encephalitis in the northeastern United States. Science 286, 2333-2337. 
